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I. Frac ture  Mechanisms i n  Quenched and Tempered S t e e l s  
(with Dare1 Hodgson, Graduate Student) 
Spheroidized steels a re  of  i n t e r e s t  i n  the s tudy of dispersed 
composite systems. The matrix undergoes a d u c t i l e  - b r i t t l e  t r a n s i t i o n  
wi th  decreasing temperature; a l so ,  changes i n  composition and hea t  t r e a t -  
ment y i e l d  varying amounts and s i z e s  of  hard p a r t i c l e s .  Thus, changes 
i n  m t e ~ i a l  ~ ~ ~ ~ o ~ i t i o i i ,  heat tiea~eiit ;rad test temperature allow one 
t o  inves t iga t e  independently the e f f e c t s  of p a r t i c l e  s i z e ,  amount of 
hard p a r t i c l e s ,  and y i e l d  s t rength  on the  composite's f r ac tu re  behavior. 
It has been determined t h a t  f a i r l y  l a rge  (up to 5 micron), homo- 
geneously dispersed p a r t i c l e s  a r e  obtained i n  the  s t e e l s  under inves t iga-  
t i o n  using t h e  following heat  treatment: 
hour,  furnace cool t o  825 C ,  o i l  quench, and anneal a t  7OO0C f o r  24 
hours i n  s ta t ic  vacuum. Three-point,  slaw-bend specimens of two s t e e l s  
were given t h i s  hea t  treatment and then t e s t e d  a s  a funct ion of tempera- 
t u r e  a t  temperatures down t o  -196OC. 
1.0 Mn and 0.72 C, no Mn respect ively.  
ment and s imi l a r  carbon contents ,  t he  s t e e l  containing manganese had a 
15% higher  lower y i e l d  s t rength  and i t s  n i l - d u c t i l i t y  t r a n s i t i o n  temp- 
e r a t u r e  w a s  75 C lower. Microscopic examination of the s t r u c t u r e  re- 
vealed t h a t  t he  s t e e l  containing manganese had an appreciably f i n e r  
average carbide p a r t i c l e  size. 
ings of  o the r  inves t iga tors .  
Aus ten i t ize  a t  l lOO°C for one 
0 
The two steels contained 0.80 C ,  
I n  s p i t e  of the  same hea t  t r e a t -  
0 
This agrees wi th  the  q u a l i t a t i v e  f ind -  
Elec t ron  microscope f ractography has been used t o  examine the 
f ibrous  and cleavage a reas  of f r ac tu re  of both s t e e l s  which were t e s t ed .  
Numerous photos of dimpled (fibrous) areas  have been obtained,  and show 
carbide p a r t i c l e s  a t  the  bottom of the  dimples. Measurements w i l l  be 
made t o  compare the  average dimple s i z e  with the i n t e r p a r t i c l e  spacing,  
thus giving a measure of the f r ac t ion  of p a r t i c l e s  p a r t i c i p a t i n g  i n  
f ibrous  f r a c t u r e  f o r  each s t e e l .  
Since the  aim of t h i s  inves t iga t ion  is  t o  de f ine ,  over as wide 
a range as poss ib l e ,  the e f f e c t  of t h e  amount and s i z e  of second phase 
p a r t i c l e s  on the  f r a c t u r e  behavior of d i spers ion  strengthened materials , 
a number of s t e e l s  have recent ly  been given a range of hea t  t reatments .  
The s t e e l s  have carbon contents from 0.20 t o  0.80 carbon and 
manganese contents from zero t o  1.5%. These s t e e l s  were aus t en i t i zed  
a t  l lOO°C,  o i l  quenched and tempered f o r  24 hours a t  temperatures rang- 
ing  from 45OoC t o  700OC. 
measurements a r e  being used a t  present  t o  obta in  curves of p a r t i c l e  s i z e  
and spacing and specimen hardness versus annealing temperature f o r  each 
s t e e l .  When t h i s  da ta  is obtained, fu r the r  s e r i e s  of slaw-bend spec i -  
mens w i l l  be t e s t e d  t o  determine q u a n t i t a t i v e  e f f e c t s  of p a r t i c l e  s i z e  
and spacing on f r ac tu re  i n i t i a t i o n  and propagation i n  these s t e e l s .  
Electron microscopy and prec ise  hardness 
11. Strength  and Fracture  of Tic - Mo2C - N i  Composites 
(with F. Darwish, Graduate Student) 
The purpose of t h i s  work i s  t o  determine the s t r e n g t h  and f r a c -  
t u r e  behavior of T i c  - Mo2C - N i  composites. 
made s ince  the  l a s t  progress report  i s  a s  follows: 
The progress t h a t  has been 
The temperature con t ro l l i ng  system f o r  the induct ion hea te r  has 
been f ixed .  The high frequency generator  i s  being dr iven through a 
primary sa tu rab le  core r eac to r  and an SCR d r ive r .  The temperature of  
the  f i n a l  s i n t e r i n g  process is cont ro l led  by a 3-act ion cu r ren t  ad jus t ing  
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type e l e c t r i c  con t ro l  t h a t  receives the s i g n a l  from the thermocouple 
a f t e r  being amplified and a D. C. re fe rence  source,  with a range of 
0 -, 30 mV, t h a t  i s  connected t o  the  thermocouple. 
Some of the pres in te red  specimens were f i n a l  s in t e red  using the  
-5 molybdenum susceptor  and under a vacuum of 2 x 10 mm Hg. The f i r s t  
specimen was f i n a l  s i n t e r e d  a t  25OO0F f o r  an hour and l a t e r  i t  was loaded 
i n  three-point  bending u n t i l  i t  was broken. The f r ac tu re  s t r e s s  on the 
tens ion  s i d e  was ca lcu la ted  from knowledge of the load and the dimen- 
s i o n s  of the specimen and was found t o  be  240,000 psi .  Microscopic 
inves t iga t ion  revealed the  presence of some pores. Other specimens were 
f i n a l  s i n t e r e d  a t  256OoF a l s o  €or an hour; they exhib i ted  a s t r eng th  of 
350,000 p s i  i n  the three-point  bending test .  (Those specimens were 
given a prolonged pre-s in te r ing  treatment.)  
Current ly  specimens made from powder batches of d i f f e r e n t  composi- 
t i o n s  and mi l l i ng  times are  being f i n a l  s in t e red .  The work t o  be per-  
formed is  t o  diamond gr ind  the  f i n a l  s i n t e r e d  specimens t o  f i n a l  shape 
and s i z e ,  then po l i sh  the specimens wi th  6p and l p  diamond wheels. 
Micro-s t ra in gauges w i l l  be fixed t o  the specimen while loaded i n  tens ion  
and the dens i ty  of micro-cracks w i l l  be determined a s  a funct ion of t he  
s t r a i n .  Electron microscopy of carbon r e p l i c a s  and d i s loca t ion  e tch  
p i t t i n g  w i l l  a l s o  be done. 
111. Theore t ica l  Aspects of Fracture  i n  Composite Mater ia l s  
(with D.  Barne t t ,  Graduate Student) 
Exact so lu t ions  f o r  t he  d i s t r i b u t i o n  of and the stress f i e l d s  
produced by planar  screw d is loca t ion  a r r ays  i n  heterogeneous ma te r i a l s  
have been obtained f o r  four types of two-phase systems s ince  the l a s t  
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I -  repor t period. 
(1) A p i leup  aga ins t  a r i g i d  inc lus ion  o f  c i r c u l a r  c ross -sec t ion .  
(Technical Report #2, accepted by Journa l  of Mechanics and 
Physics of Sol ids  f o r  publ ica t ion) .  
(2) A p i leup  aga ins t  a half-plane ( semi- inf in i te  second phase) 
w h o s e  shear  modulus may have any value r e l a t i v e  t o  t h a t  of 
the  parent  matrix.  
Acta Metal lurgica fo r  publ icat ion) .  
(Technical Report #3, submitted t o  
(3) A p i leup  aga ins t  a r i g i d  laminate ( i - e . ,  an i n f i n i t e  s t r i p  
of f i n i t e  width). 
(4) A pi leup aga ins t  a c i r c u l a r  inc lus ion  whose shear  modulus 
may have any value r e l a t i v e  t o  t h a t  of the parent  phase. 
(This i s  the completely general  case of (1) and (2). 
By coupling the  r e s u l t s  of the above, the  general  problem of a screw 
p i leup  near  a second phase of f i n i t e  s i z e  and f i n i t e  r i g i d i t y  may now 
be discussed more quan t i t a t ive ly .  
An inves t iga t ion  of edge d i s loca t ion  a r rays  near  the  same type 
second phases a s  i n  (1) - (4) is now under way. A l l  r e s u l t s  w i l l  then 
be incorporated i n t o  a treatment of f r a c t u r e  of second phases i n  
heterogeneous mater ia l s .  
I V .  The Mechanism of Frac ture  i n  Composites of Mechanically Dr i l l ed  
Holes and a B.C.C. Metal Matrix 
(with Charles A. Rau, Jr.) 
Smal l  ho le s ,  d r i l l e d  appropr ia te ly  have been shown t o  markedly 
increase the  notch toughness of i ron  a l loys .  I n  PR-3* and Technical 
* Progress Report No .  3 to  NASA June 1, 1965 - Nov. 30, 1965. 
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Report No. 1*, slow bend r e su l t s  were reported t h a t  showed increased 
load car ry ing  capaci ty  i n  d r i l l e d  samples a t  low temperatures as w e l l  
as l a r g e r  bend angles  a t  higher temperatures. Dis loca t ion  e t c h  p i t t i n g  
s t u d i e s  i n  Fe - 3% S i  samples  revealed t h e  l o c a l  r e d i s t r i b u t i o n  of 
s t r a i n  caused by t h e  two holes.  
During the  p a s t  six months, w e  have: 
(1) Obtained Charpy impact t r a n s i t i o n  curves f o r  a series of  
hypo-eutectoid s t e e l s  and 
(a) shown t h a t  the reduct ion i n  d u c t i l e - b r i t t l e  t r a n s i t i o n  
temperature through hole  d r i l l i n g  is a funct ion of 
carbon content.  
(b) Shown t h a t  holes a r e  most e f f e c t i v e  i n  lowering t h e  
t r a n s i t i o n  temperature when the  carbon content is be- 
tween 0.1 and 0.25 percent .  
(c)  Shown t h a t  t he  percentage increase  i n  she l f  (qaximum) 
energy is l a rge r  i n  higher  carbon s t e e l s .  
(2) Successful ly  instrumented a Charpy impact s t r i k e r  to  measure 
dynamic load-time curves. This  equipment was used t o  show 
t h a t  
(a) the  f r a c t u r e  load o f  d r i l l e d  mild steel  samples was more 
than twice as large as simply notched ones over a 60 C 0 
temperature range below the  d u c t i l e - b r i t t l e  t r a n s i t i o n .  
(b) The dynamic general  y i e l d  load was decreased by two 
d r i l l e d  holes .  
(c) The time ( p l a s t i c  bend angle) p r i o r  t o  f r a c t u r e  was 
* Tetelman, A .  S .  , Rau, C. A .  , Jr. , Technical Report #1 (NASA NSG-622) , 
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Aug . 1965. 
very much l a r g e r  i n  d r i l l e d  samples. 
(3) Performed a photoe las t ic  ana lys i s  of  the s tandard  Charpy 
and d r i l l e d  specimen geometry and 
(a) determined tha t  the  e l a s t i c  stress concentrat ion f a c t o r  
of t he  notch is reduced by only f i v e  percent.  
(b) shown t h a t  the e l a s t i c  shear  stresses correspond very 
w e l l  wi th  the i n i t i a l  y i e l d  pa t t e rns  observed exper i -  
mentally i n  s tandard and d r i l l e d  Fe - 3% S i  specimens. 
( 4 )  Performed shee t  tension tests using the  Charpy notch and 
(a) shown t h a t  two holes  increase the  nominal f r a c t u r e  
stress approximately 30% a t  temperatures below t h e  
transit  ion temperature 
(b) shown t h a t  d r i l l e d  samples have markedly l a r g e r  elonga- 
t i o n s  p r i o r  t o  f r a c t u r e  above the  t r a n s i t i o n  temperature. 
(c) shown t h a t  the general  y i e l d  stress is  lowered by 
d r i l l e d  holes .  
(d) shown t h a t  holes r e d i s t r i b u t e  l o c a l  s t r a i n  in  a manner 
s i m i l a r  t o  t h a t  i n  bending. 
(e) shown t h a t  two holes  can be e f f e c t i v e  under plane stress 
condi t ions ( th in  s h e e t s ) .  
Sheet  t e n s i l e  work has  confirmed t h a t  d r i l l e d  holes  are e f f e c t i v e  
under both t e n s i l e  loading and plane s t r e s s  conditions.  The magnitude 
of the improvement appears t o  be less, but whether t h i s  is due to  t h e  
tens ion  o r  plane stress condi t ions is not  y e t  known. Future  bend tes ts  
on var ious p l a t e  thicknesses  should de f ine  the r e l a t i v e  importance of 
each e f f e c t .  
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. Future instrumented Charpy t r aces  w i l l  be used t o  
(1) ob ta in  quan t i t a t ive  changes i n  the  p l a s t i c  s t r e s s  concentra- 
t i o n  f a c t o r  below the t r a n s i t i o n  temperature 
(2) study a s e r i e s  o f  important geometrical  va r i ab le s  including 
hole s i z e ,  notch sharpness,  and complex ar rays  of holes .  
. 
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